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Summary

T helper type 2 (Th2) cells, which produce interleukin-4 (IL-4), IL-5 and

IL-13, control immunity to all forms of allergic inflammatory responses.

Interleukin-21 (IL-21) reduces allergic symptoms in murine models and

inhibits IL-4-induced IgE secretion by B cells. However, whether or not

IL-21 directly affects Th2 cells, which leads to reduced allergic symptoms,

is unclear. In this study, we investigated the effects of IL-21 on the differ-

entiation and effector functions of Th2 cells. We found that IL-21 reduced

the number of differentiated Th2 cells and these Th2 cells showed a

diminished Th2 cytokine production. Interleukin-21 suppressed Th2 cyto-

kine production of already polarized Th2 cells by down-regulation of

transcription factor GATA-3. It also induced apoptosis of Th2 cells with

decreased anti-apoptotic factor Bcl-2. Intranasal administration of IL-21

at the beginning of ovalbumin (OVA) sensitization or before OVA chal-

lenge decreased Th2 cytokines in the bronchoalveolar lavage fluid of

OVA/alum-immunized allergic mice. In addition, the inhibitory effects of

IL-21 on Th2 effector functions can also be found in allergic patients.

Our results demonstrate that IL-21 suppresses the development of Th2

cells and functions of polarized Th2 cells. Hence, the administration of

IL-21 may be considered for use as a preventive and therapeutic approach

when dealing with Th2-mediated allergic diseases.
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Introduction

CD4+ T cells are crucially involved in adaptive immune

responses. T helper type 2 (Th2) cells are responsible for

host immunity to extracellular parasites and the develop-

ment of allergic asthma and other allergic inflammatory

diseases.1 Th2 cells produce interleukin-4 (IL-4), IL-5 and

IL-13, and have been shown to regulate B-cell class

switching to IgE, recruit eosinophils leading to tissue

eosinophilia, and induce mucus production, goblet cell

metaplasia and airway hyper-responsiveness.1 At the

molecular level, the expression of IL-4, IL-5 and IL-13 is

controlled by the transcription factor GATA-3, a master

regulator for Th2 cell differentiation.2–4

Interleukin-21 (IL-21) is produced by activated CD4+

T cells, Th2 cells, Th17 cells, follicular helper T cells and

natural killer T cells.5–10 Interleukin-21 receptor (IL-21R)

is composed of two subunits – a common c-chain sub-

unit, which is shared with IL-2, IL-4, IL-7, IL-9 and IL-15

receptors, and a unique receptor.11,12 The distribution of

IL-21R on various immune cells indicates a role for IL-21

signalling across both the innate and the adaptive

immune systems.8,11 IL-21 augments the activation, pro-

liferation and differentiation of CD4+ and CD8+ T cells

and regulates the survival and the profile of cytokines

secreted by these cells,13–15 drives the differentiation of B

cells into memory cells and terminally differentiated

plasma cells,16 enhances cytotoxic activity of CD8+ T cells

and natural killer cells,6,17 and contributes to the differen-

tiation of follicular helper T cells and Th17 cells.5 Con-

versely, IL-21 exerts negative effects on other lymphoid

cells, including B-cell apoptosis,18 inhibiting dendritic cell

maturation and function,19 limiting the differentiation of

inducible regulatory T cells, and suppressing Th1 cell dif-

ferentiation.10,20,21 In particular, IL-21 also mediates sup-

pressive effects by inducing IL-10.22

Abbreviations: BALF, bronchoalveolar lavage fluid; IFN-c, interferon-c; IL-4, interleukin-4; IL-21R, interleukin-21 receptor;
ILC2, type 2 innate lymphoid cells; OVA, ovalbumin; PBMCs, peripheral blood mononuclear cells; Th2 cells, T helper type 2 cells
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Interleukin-21 inhibits IL-4-induced IgE secretion by B

cells.23–25 The increased levels of serum IgE in IL-21 or

IL-21R-deficient mice most probably results from the

ability of IL-21 to directly inhibit isotype switching to IgE

by their B cells.23,24 Furthermore, in mouse models of

allergic rhinitis and immediate hypersensitivity reaction

in skin, administering IL-21 significantly reduces allergic

symptoms by diminishing antigen-specific serum IgE or

suppressing mast cell activation.26,27 In addition, systemic

administration of IL-21 blocks antigen-induced anaphy-

laxis in a mouse model.28 In our previous study, we

found that serum levels of IL-21 are decreased in patients

with atopic dermatitis, which is a Th2-mediated allergic

disease with elevated serum level of IgE, when compared

with healthy controls.29 These results showed that IL-21

suppressed Th2-mediated allergic diseases. However,

whether IL-21 directly affects Th2 cells, which could lead

to a reduction in allergic symptoms, is unclear.

In this study, we investigated the effects of IL-21 on

the differentiation of naive Th cells to Th2 cells and IL-

21 on the regulation of Th2 effector functions in vitro

and in vivo using ovalbumin (OVA) -specific Th2 models.

We also examined the effects of IL-21 on T cells of

patients with allergic rhinitis. Our results demonstrated

that IL-21 could suppress the development and functions

of Th2 cells.

Materials and methods

Mice

Female BALB/c mice aged 6–8 weeks were obtained from

the National Laboratory Animal Centre, Taipei, Taiwan.

DO11.10 transgenic mice in a BALB/c background carry-

ing the MHC class II restricted rearranged T-cell receptor

reacted to OVA antigen were purchased from The Jack-

son laboratory (Bar Harbor, ME). All mice were main-

tained in the Animal Centre of the College of Medicine,

National Taiwan University. All experiments were per-

formed following approval of The Institutional Animal

Care and Use Committee (IACUC) of National Taiwan

University College of Medicine and College of Public

Health.

Th2 cell preparation and culture and IL-21 treatment

CD4+ T cells were isolated from the spleen of DO11.10

mice by positive selection with a microbead-conjugated

monoclonal antibody to CD4 (clone GK1.5) (BD Bio-

sciences, San Diego, CA). c-Irradiated splenocytes from

BALB/c mice were used as antigen-presenting cells. CD4+

T cells (5 9 105 cells/well) and antigen-presenting cells

(5 9 106 cells/well) were placed in 48-well plates in 1 ml

of complete RPMI medium supplemented with OVA pep-

tide, recombinant mouse IL-4 (1000 U/ml) (BD Bio-

sciences), recombinant mouse IL-2 (10 U/ml) (Peprotech

Inc., Rocky Hill, NJ), and anti-mouse interferon-c (IFN-

c; 10 lg/ml; Biolegend, San Diego, CA). After 2 weeks,

cells were washed, counted, and re-stimulated under the

same conditions used for the initial stimulation. Accord-

ing to the experimental design, pre-tested recombinant

mouse IL-21 (100 ng/ml; PeproTech) or IL-21R:Fc

(10 000 ng/ml; R&D Systems, Minneapolis, MN) was

added before or after Th2 cell culture protocol.

Human peripheral blood mononuclear cell isolation and
culture conditions

Heparinized peripheral blood samples from healthy indi-

viduals with no history of atopy and patients with mild

allergic rhinitis were studied. Informed consents were

obtained, and the study was approved by the Research

Ethics Committee for The National Taiwan University

Hospital. Peripheral blood mononuclear cells (PBMCs)

(1 9 106 cells/ml) or CD4+ T cells were stimulated with

1 lg/ml anti-human CD3 and anti-human CD28 anti-

bodies (Biolegend) and 10 U/ml IL-2 with or without

pre-tested recombinant human IL-21 (100 ng/ml; Pepro-

tech). Supernatant cytokines, transcription factors and

apoptosis were assayed.

Intracellular cytokines staining

The harvested Th2 cells were labelled with FITC-conju-

gated anti-DO11.10 TCR antibody and Peridinin chloro-

phyll protein/Cy5.5-conjugated anti-mouse CD4 antibody

(Biolegend) in 0�2% BSA in PBS and then fixed and

permeabilized by fixation/permeabilization solution (BD

Biosciences). Finally, they were stained with phycoery-

thrin-conjugated anti-mouse IL-4 antibody and allophyco-

cyanin-conjugated anti-mouse IFN-c antibody (BD

Biosciences). Stained cells were analysed using a FACSCal-

ibur (BD Biosciences) and the data obtained were analysed

using FLOWJO software (Tree Star, Inc., Ashland, OR).

Apoptosis assay

The harvested CD4+ T cells were centrifuged and resus-

pended in 100 ll of 19 binding buffer [10 mM HEPES

(pH 7�4), 140 mM NaCl, and 2�5 mM CaCl2] and stained

with phycoerythrin-conjugated annexin V and 7-aminoac-

tinomycin D (7-AAD; eBioscience, San Diego, CA) for

15 min at room temperature in the dark. Cells were

diluted in 19 binding buffer and analysed on a FACSCal-

ibur (BD Biosciences).

RNA isolation and quantitative RT-PCR

To assess the expression of T-bet, GATA-3 and RORct,
total RNA was isolated using TRIzol reagent (Invitrogen
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Life Technologies, Carlsbad, CA) in accordance with the

user’s manual. For RT-PCR, total RNA was reverse

transcribed into cDNA by oligonucleotide priming using

High-Capacity cDNA Reverse Transcription Kits (Applied

Biosystems, Foster City, CA). PCR was performed in trip-

licate on a 7500 Fast Real-Time PCR System (Applied

Biosystems). SYBR Green DNA-binding dye was used in

the amplification reactions. Fluorescence signals were

analysed during each of 40 cycles (denaturation 15 sec-

onds at 95°, annealing 30 seconds e at 60°, and extension

30 seconds at 72°). T-bet, GATA-3, and RORct mRNA

expression values were relative to individual internal con-

trols, b-actin for mouse and glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) for human. Primer sequences

used in PCR are in Table 1.

Recombinant adenovirus constructs

Recombinant adenovirus was constructed using the Ad-

Easy system with human phosphoglycerate kinase gene

promoter (hPGK).30 Viruses were purified from infected

cells 42–48 hr after infection by three freeze–thaw cycles

followed by purification on Adeno-XTM Maxi Purification

Kit (Clontech, San Diego, CA). Viral titres were measured

by standard endpoint dilution assay using Ad293 cells.

Ad-mock was identical, but contained no transgene in the

expression cassette.

Th2-derived allergic model and IL-21 administration

BALB/c mice were immunized intaperitoneally with a total

volume of 200 ll containing 50 lg OVA (grade V; Sigma)

emulsified in 2 mg aluminium hydroxide (AlumImmject;

Pierce Chemical, Rockford, IL) on day 0. On days 7, 14 and

21, mice were boosted with 25 lg OVA in 2 mg aluminium

hydroxide. The mice were intranasally challenged with

100 lg OVA on day 29 or 31 (Figs 4a and 5a). Two days

after challenge, the mice were bled and then killed. Ad-IL-

21 (1 9 108 plaque-forming units) were given before first

sensitization (day 0) or before challenge (day 28).

Analysis of cellular composition and cytokine production
in the bronchoalveolar lavage fluid

Bronchoalveolar lavage fluid (BALF) was collected as

previously described to analyse cellular components and

cytokine production in the lung.31 Quantification of IL-

4, IL-5 and IL-13 in the BALF was accomplished by

using a commercially available ELISA kit (Duoset; R&D

Systems).

Statistical analysis

Data from at least three independent experiments were

used for statistical analysis. Results are expressed as the

mean � standard error of the mean (SEM). The

Wilcoxon rank sum test and the Mann–Whitney U-test

were used for statistical analysis. Significance levels were

defined as P-values ≤ 0�05.

Results

Confirmation of Th2 cells

We established Th2 cells by culturing CD4+ T cells with

Th2 skewing culture conditions including OVA peptide,

Table 1. Primer equences for quantitative PCR

Gene name Sequence

Mouse T-bet Forward 50- TCAACCAGCACCAGACAGAG -30

Reverse 50- AAACATCCTGTAATGGCTTGTG -30

Mouse GATA-3 Forward 50- TTATCAAGCCCAAGCGAAG -30

Reverse 50- TGGTGGTGGTCTGACAGTTC -30

Mouse RORct Forward 50- GGAGCTCTGCCAGAATGAGC -30

Reverse 50- CAAGGCTCGAAACAGCTCCAC -30

Mouse Bcl-2 Forward 50- TGAGTACCTGAACCGGCATCT -30

Reverse 50- GGTCTTCAGAGACAGCCAGGA -30

Mouse b-actin Forward 50- TTCTTTGCAGCTCCTTCGTTGCCG -30

Reverse 50- TGGATGGCTACGTACATGGCTGGG -30

Human T-bet Forward 50- CCACCAGCCACTACAGGATG -30

Reverse 50- GGACGCCCCCTTGTTGTTT -30

Human GATA-3 Forward 50- TTAACATCGACGGTCAAGGC -30

Reverse 50- GGTAGGGATCCATGAAGCAG -30

Human RORct Forward 50- TTAACATCGACGGTCAAGGC -30

Reverse 50- AGTTCTGCTGACGGGTGC -30

Human GAPDH Forward 50- TCATTTCCTGGTATGACAACG -30

Reverse 50- TTACTCCTTGGAGGCCATGT -30
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IL-2, IL-4 and anti-IFN-c antibodies. As shown in repre-

sentative Fig. 1(a), after re-stimulating with PMA and

ionomycin, 29�21% of CD4+ T cells expressed IL-4 after

two rounds of Th2 skewing culture, while only 1�74% of

CD4+ T cells expressed IL-4 before Th2 polarizing culture

(Th0). The percentage of IFN-c-expressing CD4+ T cells

in Th2-skewing cultured cells was decreased compared

with unpolarized Th0 cells (1�26% and 10�39%, respec-

tively; Fig. 1a). Th0 cells stimulated with OVA secreted

Th1 cytokine IFN-c, but little or no Th2 cytokines IL-4,

IL-5 and IL-13. In contrast, Th2 cells stimulated with

OVA secreted huge amounts of Th2 cytokines IL-4, IL-5

and IL-13, but little or no Th1 cytokine IFN-c. Interleu-
kin-17 was noted as being very low in T cells under Th2-

skewing culture conditions and Th0 cells (Fig. 1b). In

addition, cultured Th2 cells expressed high levels of Th2

transcription factor GATA-3, but did not express Th1

T-bet and Th17 RORct (Fig. 1c).

IL-21 suppressed Th2 cell differentiation

To study the effects of IL-21 on the development of Th2

cells in vitro, we cultured Th2 cells in Th2-skewing cul-

ture conditions with or without IL-21. After two rounds

of culturing, the numbers of harvested cells were signifi-

cantly lower in cells cultured with IL-21 (Fig. 2a). Cells

cultured in Th2-skewing culture conditions with IL-21

expressed the high levels of Th2 transcription factor

GATA-3, but did not express Th1 T-bet and Th17

RORct, which was the same with cells in Th2-skewing

culture conditions without IL-21 (Fig. 2b). For antigen-

specific activation, Th2 cells harvested from Th2-skewing

culture conditions with addition of IL-21 secreted

decreased levels of IL-4, IL-5 and IL-13 compared with

the same number of Th2 cells harvested from Th2-skew-

ing culture conditions without IL-21. Treatment with

IL-21 decreased IL-4 production by 22%, 20% and 23%;

IL-5 production by 55%, 42% and 46%; and IL-13 pro-

duction by 24%, 25% and 22% in three independent

experiments. Importantly, the decreases of IL-4, IL-5 and

IL-13 could be reversed by the addition of neutralizing

IL-21R fusion protein (IL-21R:Fc) (Fig. 2c). Taken

together, IL-21 reduced the number of differentiated Th2

cells and these IL-21-cultured Th2 cells showed a dimin-

ished antigen-specific Th2 cytokine production. Hence,

IL-21 suppressed not only the Th2 cell differentiation,

but also the function of differentiated Th2 cells.

IL-21 suppressed Th2 cytokine production of already
polarized Th2 cells

We then investigated whether IL-21 suppressed the func-

tion of polarized Th2 cells. OVA-specific polarized Th2

cells were stimulated with OVA in the presence of IL-21

or not and the cytokine production was measured. As

shown in Fig. 3(a), decreased IL-4 (3–20%), IL-5 (6–
20%) and IL-13 (8–33%) production was found in polar-

ized Th2 cells treated with IL-21 compared with that

without IL-21. Moreover, the decreases of IL-4, IL-5 and

IL-13 could be reversed by the addition of antibodies to

IL-21R (Fig. 3a). Decreased GATA-3 was also observed in

polarized Th2 cells treated with IL-21 (Fig. 3b). Of note,

the percentage of apoptotic cells, including early Annexin

V+ 7-AAD� and late Annexin V+ 7-AAD� apoptotic cells,

was increased in IL-21-treated Th2 cells compared with

untreated Th2 cells (Fig. 3c). In addition, anti-apoptotic

factor Bcl-2 expression in IL-21-treated Th2 cells was

decreased compared with untreated Th2 cells (Fig. 3d).

IL-21 decreased Th2 cytokines in OVA-sensitized and
challenged mice

We then investigated the effects of IL-21 on T cells in

vivo. Intraperitoneal immunization followed by airway

challenge with OVA is a standard method to induce Th2-

driven allergic airway inflammation. We administered IL-

21-expressing adenovirus (Ad-IL-21) at the beginning of

OVA immunization and measured the Th2 cytokines after

challenge with OVA (Fig. 4a). We found that Th2 cyto-

kines IL-4, IL-5 and IL-13 in the BALF were significantly

decreased in mice receiving Ad-IL-21 (average 44%

decrease in IL-4, 25% in IL-5 and 31% in IL-13 com-

pared with Ad-mock group) (Fig. 4b). We then adminis-

tered Ad-IL-21 to OVA-immunized mice before OVA

challenge to investigate the effects of IL-21 on the func-

tion of polarized Th2 cells (Fig. 4c). We found that Th2

cytokine IL-4 in the BALF was significantly decreased

(average 45% decrease compared to Ad-mock group) in

mice receiving Ad-IL-21 whereas IL-5 and IL-13 remained

unchanged (Fig. 4d). Hence, IL-21 suppresses the devel-

opment of Th2 cells and function of polarized Th2 cells

in vitro and in vivo.

IL-21 decreased Th2 cytokine production of T cells
from allergic patients and healthy subjects

We then investigated whether IL-21 affected the Th2 cells

of humans. PBMCs or CD4+ T cells from patients with

allergic rhinitis were stimulated with anti-CD3 and anti-

CD28 antibodies in the presence of IL-21 or without IL-

21, and Th2 cytokine secretion from activated T cells was

measured. Patients with allergic rhinitis were character-

ized by their typical nasal symptoms and increased levels

of serum IgE (Fig. 5a). Increased IL-5/IFN-c in activated

T cells was noted in patients with allergic rhinitis, sug-

gesting Th2 favouring in these patients (Fig. 5b). Produc-

tion of IL-5 and IL-13 was significantly decreased in

PBMCs and CD4+ T cells treated with IL-21 (Fig. 5c,e).

However, IL-4 production was relatively low in activated

human T cells (data not shown). In addition, decreased
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IFN-c was also observed in activated PBMCs and CD4+ T

cells treated with IL-21. In contrast, increased IL-17 was

found in activated PBMCs and in CD4+ T cells treated

with IL-21 (Fig. 5c,e). The Th2 cytokine transcription fac-

tor GATA-3 was decreased in IL-21-treated activated

CD4+ T cells. In addition, decreased Th1 cytokine

transcription factor T-bet and increased Th17 cytokine

transcription factor RORct were found (Fig. 5g). How-

ever, the percentage of apoptotic cells was not changed in

IL-21-treated CD4+ T cells compared with untreated

CD4+ T cells (Fig. 5i). Moreover, decreased IL-5, IL-13

and IFN-c and transcription factors GATA-3 and T-bet,

increased IL-17, and unchanged apoptosis were also

found in IL-21-treated cells from healthy subjects

(Fig. 5d,f,h,j).

Discussion

In this study, we investigated the regulatory effects of IL-

21 on Th2 cells in vitro and in vivo. Our results demon-

strate that IL-21 suppresses Th2 cell development and the

cytokine production ability of differentiated Th2 cells.

Interleukin-21 decreases cytokine production of polarized

Th2 cells and induces Th2 cell apoptosis by down-regu-

lating Bcl-2. In vivo, IL-21 decreases Th2 cytokines in

Th2-driven OVA-sensitized and OVA-challenged mice. In

the study of patients with allergic diseases, IL-21 sup-

presses the IL-5 and IL-13 production of activated T cells

by down-regulation of GATA-3.

Previous studies have shown that IL-21 inhibits IL-4-

induced IgE secretion by B cells and IL-21R-deficient

mice make high levels of IgE.23–25,32 The administration

of exogenous IL-21 during immunization and challenge

of mice with OVA reduces IgE production and impairs

the ensuing recruitment of eosinophils into the airway.24

Interleukin-21 significantly reduces immediate hypersensi-

tivity reactions in mouse skin by diminishing serum IgE

or suppressing mast cell activation.27 Moreover, intranasal

IL-21 administration alleviates murine allergic rhinitis by

inhibiting local expression of IL-4, IL-5 and IL-13, IgE

production by B cells and eotaxin production by fibro-

blast.26,28 By administration of Ad-IL-21 in Th2-driven
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OVA-induced airway inflammation, we found that IL-21

decreased Th2 cytokines in the BALF of OVA-immunized

mice (Fig. 4b,d). Therefore, IL-21 suppresses allergic

responses by influencing not only the IgE production of

B cells but also the secretion of Th2-associated cytokines

by T cells.

In our results, IL-21 suppressed IL-4, IL-5 and IL-13

production of polarized Th2 cells with a decreased

expression of GATA-3. GATA-3 was preferentially

expressed in Th2 cells compared with Th1 cells.2 The reg-

ulation of IL-4, IL-5 and IL-13 controlled by the tran-

scription factor GATA-3 has been shown to induce
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changes in the chromatin structure at the Il-4 locus and

subsequently transactivate the IL-5 and IL-13 promot-

ers.33 GATA-3 is not only sufficient to direct the differen-

tiation of Th cells into the Th2 pathway, but is also

essential to the function of Th2 cells. Anti-sense GATA-3

RNA has been shown to suppress the expression of IL-4

and/or IL-5 in Th2 cells.34 In addition, nasal administra-

tion of anti-sense GATA-3 oligonucleotides or intratrac-

heal administration of GATA-3 short hairpin RNAs

suppressed the expression of GATA-3 and significantly

attenuated allergic airway inflammation in animal models

of asthma.35,36

In the study of allergic patients, we found that IL-21

suppressed both Th2 cells and Th1 cells (Fig. 5). Studies

in murine systems have shown that exposure of naive T

cells to IL-21 results in decreased production of IFN-c,
but not other Th1 cell cytokines, upon secondary stimula-

tion.10,20 The inhibitory effect of IL-21 on IFN-c produc-

tion relied on the ability of IL-21 to repress the

expression of Eomesodermin, a T-box transcription fac-

tor.37 In contrast, IL-21 increased IL-17 production of

activated T cells according to our results (Fig. 5c–f). Pre-
vious study has shown that IL-21 is produced by Th17

cells and is a functionally important product of Th17

cells, suggesting that IL-21 serves as an autocrine regula-

tor of IL-17 production and helps to promote/sustain

Th17 lineage commitment.5,21 Hence, IL-21 could regu-

late Th1, Th2 and Th17. The different signals of IL-21

through different target molecules of different T helper

cells need to be further investigated.

We found that IL-21 suppressed the activity of polar-

ized Th2 cells to secrete IL-4, IL-5 and IL-13 in vitro, but

IL-21 suppressed only IL-4 in OVA-immunized airway

inflammation mice. Type 2 innate lymphoid cells (ILC2)

are non-B, non-T cells and secrete IL-5 and IL-13 after

IL-33 or IL-25 stimulation, which results in the induction

of type 2 responses to helminths and allergens.38 ILC2

cells have been found to represent a large proportion of
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the total IL-5-producing and IL-13-producing cells in the

lungs in various models of asthma.39 Notably, even in

allergic asthma induced with OVA/alum, ILC2 produce

almost the same amount of IL-5 and IL-13 that T cells

do.39 Hence, we proposed that in our IL-21-treated OVA-

immunized mice, Th2 cells were suppressed by IL-21 but

ILC2 were not. Because ILC2 secrete IL-5 and IL-13, but

not IL-4, the levels of IL-4 in the BALF of IL-21-treated

OVA-immunized mice were decreased, but IL-5 and

IL-13 remained unchanged.

Previous studies demonstrated that IL-21 induces

apoptosis of B cells and antigen-specific CD8 T cells by

down-regulation of anti-apoptotic factor Bcl-2 and Bcl-

xL.
18,25,40 Interleukin-21 induces apoptosis of conven-

tional dendritic cells via signal transducer and activator of

transcription 3 and Bim.41 Moreover, IL-21 induces Be
cell apoptosis and then suppresses IgE responses.25 These

results suggested that IL-21 induces the expression of an

upstream pro-apoptotic protein that results in the down-

modulation of Bcl-2 and induced apoptosis of Th2 cells.

In conclusion, our results demonstrated that IL-21 sup-

presses Th2 cell development and functions and IL-21

induces Th2 cell apoptosis. Furthermore, the suppressive

effects of IL-21 on Th2 cells have also been noted in
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humans. Hence, IL-21 should be considered as applicable

for therapeutic use in human Th2-mediated allergic dis-

eases.
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